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I INTRODUCTION

The purpose of this memorandum is to define and discuss the nature and
extent of the Coriolis effect as it exists on board the ASD zero gravity
research airplanes during a weightless parabola and to suggest improvements
in the pilotts instruments which are used to fly the maneuver.

The ASD zero gravity airplanes have been in use for over four years and
during that period considerable time and effort in the form of instrumentation
have been expended in an attempt to define the acceleration environment which
exists in the free-float area during a weightless maneuver. There appears,
however, to have been no attempt to define the effects of Coriolis accelera-
tions which arise because the airplane is rotating in pitch throughout the
maneuver.

During early soaring experiments subjects noted that, when pushing off of
the aft bulkhead in an attempt to soar the length of the fuselage, they had to
aim toward the floor in order not to curve upward and hit the ceiling. Had
they been able to soar in the opposite direction (toward the tail) they would
have noted a similar tendency to curve toward the floor. Unfortunately, this
early experience with curved trajectories was not identified with the Coriolis
effect until very recently.

In many zero gravity experiments the Coriolis effect can be ignored, but
in others it may contaminate the results sufficiently to invalidate the
conclusions. It is hoped that an appreciation of the Coriolis effect will not
only help future experimenters in the interpretation of their results, but will
also result in improvement of the pilot technique used to fly the weightless
maneuver.



II THE CORIOLIS EFFECT IN THE ZERO-GRAVITY RESEARCH AIRCRAFT

Coriolis Forces -

Nearly everyone is familiar with Newton's second law of motion which
states that force equals mass times acceleration. A fact which is not so
universally appreciated, however, is that this law is not valid in a
rotating coordinate frame. It is still possible to use Newton's second law
in a rotating frame of reference, however, provided only that we introduce a
Coriolis force which acts at right angles to the direction of motion of any
mass. It is important to recognize that this Coriolis force is not a "true
force" in the sense that it does not arise from the electrical or gravita-
tional attraction or- repulsion of other matter, but is introduced only in
order that Newton's second law may still be used to describe the motion of
masses in a rotating reference frame.

To illustrate the Coriolis effect, consider the XYZ coordinate frame
shown in figure 1 to be rotating in a clockwise direction with angular
velocity, u , in inertial space, about the Z axis.
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If the moving mass had an instantaneous velocity in the X-Y plane as
shown by the single arrow, it would move as though there were a Coriolis force
acting at right angles to its velocity in the direction shown by the double
arrow. If there were no external forces acting on the mass it would move in a
path curved in a counter-clockwise sense as indicated by the broken line in
figure 1. Note that the curvature of the path is always in a sense opposite to
the rotation of the coordinate frame.

Only motions in a plane perpendicular to the axis of rotation are affected
by'Coriolis forces. Referring again to figure 1, any velocity component which
the moving mass possessed in the direction of the Z axis would be unaffected by
Coriolis accelerations.

Aircraft Rotation During Weightless Maneuver -

The interior of the zero gravity aircraft fuselage provides the background
against which the motion of a free-floating object is seen. Because the air-
craft is pitching nose downward throughout the zero-g portion of the maneuver,
this motion is observed relative to a rotating frame of reference and we should
expect Coriolis effects to be present.

The rate at which a zero-g aircraft rotates during a maneuver varies with
the type of aircraft, entry altitude and airspeed and even varies during the
maneuver itself, being a maximum at the apex of the parabola. Experience has
shown that the average rotational velocity of the fuselage is about 0.1 radians
per second in the C-131 airplane and about 0.05 radians per second in the KC-135
(ref. 1).

The magnitude of the Coriolis force is given by

Coriolis force = 2 mc v (1)

where m is the mass of the object traveling with velocity, v, and W is the
angular velocity of the aircraft.

Since the presence of a Coriolis force is due only to rotation of the air-
craft and since all portions of the aircraft are rotating at the same rate,
the effects will be the same anywhere inside the fuselage. An object's position
relative to the center of gravity of the airplane has no effect on the presence
or magnitude of the Coriolis forces acting on it.

The axis of rotation of the airplane lies in a direction parallel to the
wings, therefore, only fore-aft or up-down motions of a free-floating object
will be affected by Coriolis forces: side to side motions inside the airplane
will not be affected. Figure 2 illustrates some typical trajectories for a
free floating mass traveling at a speed of 1 foot per second in the C-131
airplane.

Under the influence of Coriolis forces any moving object will travel in a
circular path. The radius of curvature of the path is given by

-VR 2 a_ (2)

where R is the radius of curvature, v i the velocity of the moving mass, and c
is the angular velocity of the airplane.
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Figure 2

Curved Paths Resulting From Coriolis
Forces Aboard C-131 Airplane

,xperimental Verification -

The difficulty in detecting Coriolis effects in the zero-g airplanes
arises from the fact that it is impossible to fly an absolutely perfect zero-
g trajectory. Slight deviations from a perfect flight paW will cause a
free-floating object to drift erratically within the aircraft. An object
propelled in a straight line may curve upward and hit the ceiling or down-
ward and hit the floor. In the past, this curviratui'e has been attributed to
imperfect maneuvers. We know now, however, that it can also be due to
Coriolis forces which exist durinf a perfectly floin maneuver.

In order to make the Coriolis effect visible in spite of these random
vortical. and longitudinal accelerations, the device shown in figure 3(a) was
constructed. It consisted of two weitghts which could be triggered simultane-
ously to fire directly at one another. The weights were guided on metal rods
and were propelled by light springs. Triggering,, was accomplished by burningr
or cutting the trigger string.

Since both weig;hts leave thn (.,nds of their respective guide rods simul-
Laneously, they each become subject to random aircraft accelerations at the

am lie time and will drift up or down together as they approach one another.
lIf there is no Coriolis force present they will collide haadon as shown in

.fYlture 3(h). If, however, Coriolis forces are present, they will curve in
o0.posite directions and will not colhidc (figure 3(c)).

The demon stration device was operated in severa. different orientatinris
relative to the fuselage and in several different positions relative to the
a.ircraft contor of gravity. When the device was oriented longfitudinally, the
forward-traveling mass always p!assed over the aft-travelin[, mass. Uhen
orient.(d vertically, tlh, up-traveling mass always passed aft of the down-
traveJ.l ng man ss. When oriented laterall.y, the masses collided h.ead on. Pos.-
tion relative to the aircra L center o _,ravity had no effecti as 1)rodictLed.
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Coriolis Demonstrat ion Device



[i 1,3'I ,011T,.ýIT I '( . PILA ¶2 TI':C' I u j ,

Man./ 5C.ro-,re\Tty experiments require .loating an insgrume-.nte'd i;acka or
a man in the, aircraft for as long nas possible without an irrmpact. with the cabin
walls, .'.,,or, or ceiling. fhurinL- the irnmact-frco floatinty, tim-e, t-t.! paekq') ,.
or hiumnil 5ith11j.el, experiences a pe-.rrfcct zero--Lravity state• even though th, air-
plane is not flying a perfect maneuver.

i.n spit of' the requirement for rmaxirmmi impact-free float times, the pilot
cur •cmtly ul lies on the outputs of bolted down ac cceelerorieters, appropriately
displayed to him on the instrument panel, in order to fly the maneuver. It
would seem that instrumentation should be devised which would enable the pilot
to fly the aircraft around a floatinC packa[e rather than to enable him to zero
the. readings of bolted down accelerometeJrs. The present instrumentation which
is based on presenting acceleration data to the. pilot, cannot cope with the
problems introduced by Coriolis effects. ?or example, suppose that aftor re-
lease o1 a package the co-pilot momentarily deviates from zero longitudinal
acIcle.ration. The pack.aga will begin to drift forward or aft. Correcting back
to zero acceleration will. not causem the package to stop drifting and the Corion.hs
effect will cause it to impact the floor or ceiling oven thourh the pilot and
co-ijilot maintain zero read`ngs on their accolerometers.

An instrumentation scheme which would enable the pilot to fly around a
floating package is shown in figure /1. Instead of displaying acceleration di-
rectly to the pilot, the signal is integrated twice and presented as vertical or
lateral position of the floating package relative to the aircraft. Vertical. and
lateral positions are presented to the pilot on an 11S type instrument and longi-
tudinal position is presented to the ceo-pilot on a single-needle instrument. If
integration were started at the instant the package was released, and the pilot
kept the needles centered just as if he werle flying an TUL approach, the package
would float exactly in the center of the, cabin. lWhat is more important, however,
is that if the packag, began to drift in any direction, the pilot immediately
would have the inform.tion necessary to make a correction. Such a system could
significantly increase the impact-free float times in zero-g "xperimonts.
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Figure 4

Proposed Zero-G Pilot Display



REFERENCES

1. Hammer, L. R., Aeronautical Systems Division Studies in Weightlessness:
1959-1960, WADD Technical Report 60-715, Aeronautical Systems Division,
Wright-Patterson Air Force Base, Ohio, December 1961.

7


